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A NiTi intermetallic compound was cold rolled at room temperature by 30% and 60%
thickness reductions, and microstructures were studied by means of transmission
electron microscopy (TEM). In the cold-rolled samples we observed both a phase of
nanometer-sized crystals and an amorphous phase. A substantially high dislocation
density, 1013 to 1014/cm2, was evident in the transition region between crystalline and
amorphous phases. A simple estimate of the elastic energy arising from this dislocation
density is of the same order as the crystallization energy, suggesting that dislocation
accumulation is a major driving force for amorphization in cold-rolled NiTi.
I. INTRODUCTION
Amorphous materials have been traditionally syn-
thesized by condensing a random structure from a
liquid or vapor phase. In the last decade, various solid-
state techniques have been developed to produce an
amorphous phase from a crystalline phase. A basic
premise of the solid-state amorphization is to increase
the free energy of the crystalline phase to a state higher
than that of the amorphous phase. To prevent the
nonequilibrium high-energy crystalline phase from
transforming to an equilibrium stable state, amorphiza-
tion is always carried out at low temperatures where
atomic mobility is sufficiently low to prevent diffusion
that leads to the equilibrium state. Under this kinetic
restriction, the thermodynamic requirement for amor-
phization can be fulfilled in many intermetallic,
ceramic, and semiconductor systems by means of high-
energy particle irradiation, hydrogenation, ion-beam
mixing, ion implantation, mechanical mixing, and an-
nealing of diffusion couples. For each amorphizing
technique, extensive studies have been carried out to
understand the thermodynamic driving force and the
underlying mechanism.1
In Kr-irradiated Zr3Al, Rehn et al.2 observed
chemical disordering, lattice dilation, and a substantial
softening of shear modulus before amorphization. They
found a linear relation, similar to that seen during heat-
ing to the melting point,3 between the shear modulus
and dilation. These results indicate that the onset of
amorphization may be triggered by an elastic instability
caused by shear-modulus softening associated with lat-
tice dilation and chemical disordering.2 Similar obser-
vations are found in other solid-state amorphization
techniques. During hydrogenation of Zr3Al,4 a dilation
observed before amorphization was identical to that of
Kr-irradiated Zr3Al, indicating that a critical dilation
may induce the elastic instability independent of the
method. For B implantation into Nb,5 the mean square
displacement of atoms from their lattice site, derived
from the measured x-ray diffuse intensity, increases to
a large maximum value before amorphization takes
place. In this instance, the mean square displacement
averaged along the principal crystallographic axes is
equivalent to the lattice dilation. It has also been re-
ported that NiTi6 and GaSb7 can be amorphized by ap-
plying a shear stress under high pressure. These results
can be understood in terms of elastic instability caused
by the external shear stress instead of the internal stress
induced by irradiation or hydrogenation. Consistent
with experimental observation, molecular dynamics
simulation of amorphization by interstitial insertion8
and chemical disordering9 shows a strong correlation
between amorphization and an increase in the mean
square displacement and dilation, respectively. These
results all imply that the mean square displacement of
lattice atoms (or equivalently, the lattice dilation) is a
key factor underlying solid-state amorphization.10
NiTi is known to be susceptible to amorphization
under irradiation1112 and shear deformation.6 In the
present work, cold rolling was employed in polycrys-
talline NiTi. As discussed above, amorphization can be
expected by cold rolling if a critical amount of atomic
displacement is induced. We examined the microstruc-
ture of cold-rolled samples using conventional TEM
and high-resolution electron microscopy (HREM) tech-
niques. We determined dislocation density from
HREM images. We then estimated the elastic energy
associated with dislocations and compared it to the
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crystallization energy of the amorphous phase. The
thermodynamic driving force for amorphization is
discussed here based on the obtained results. We also
address the crystalline stability under mechanical defor-
mation in terms of dislocation melting theory.13"15
II. EXPERIMENTAL
Nearly equiatomic NiTi alloy sheets obtained from
RAYCHEM had a composition determined by chemi-
cal analysis of Ni-49.2 at. % Ti. Using electron energy
loss spectroscopy (EELS), we determined that the local
composition was spatially uniform within an error of
±4 at.%. These spectra were used as a standard to de-
termine the ratio of the inelastic scattering cross sec-
tion of two elements for the composition analysis of
cold-rolled samples. TEM examination of as-received
material showed the characteristic twin microstructure
of the martensite phase. By focusing and defocusing
the electron beam with an incident energy of 300 keV,
we established a martensite starting temperature
slightly above room temperature, as indicated by the
disappearance and reappearance of twins, respectively.
The alloy sheets (2.5 cm x 1.25 cm x 0.2 cm) were
cold rolled at room temperature to thickness reductions
of 30% and 60%. During cold rolling, samples were
sandwiched between two stainless steel sheets to im-
prove the fracture toughness. The cold-rolled sheets
were mechanically ground to —300 /xm. Disks of
3-mm diam were spark-cut and jet-polished with an
electrolyte mixture consisting of 5.3 g LiCl, 11.2 g
Mg(ClO4)2, 500 ml methanol, and 100 ml buthyl cello-
solve.16 Microstructure was investigated with a Philips
CM-30ST and CM-30STEM, both operated at 300 kV.
III. RESULTS
Bright-field images and selected area diffraction
patterns of as-received, 30% cold-rolled, and 60%
rolled samples are shown, respectively, in Figs. l(a),
l(b), and l(c). The bright-field image of the as-received
sample exhibits a twin structure. A number of lattice
defects are seen inside the twinned grains, as is usually
observed in martensitic NiTi, and the diffraction pat-
tern can be indexed as the monoclinically distorted B19
structure of martensitic NiTi.17 After 30% reduction
[Fig. l(b)], the bright-field image exhibits a finer twin
size than that observed in the as-received sample. The
complicated image contrast indicates severe strain in
the crystal. The corresponding diffraction pattern ex-
hibits a weak diffuse ring intensity with strong crys-
talline spots superposed, indicating that a small volume
fraction of the amorphous phase is formed by 30% re-
duction. Further thickness reduction to 60% produces
more amorphous volume, as shown in Fig. l(c). The
bright-field image reveals two different contrast re-
FIG. 1. The bright-field images and the corresponding diffraction
patterns of NiTi (a) as-received, (b) 30% reduced, and (c) 60%
reduced.
gions, denoted as a and* in the figure. The diffraction
pattern corresponding to the region a shows only a dif-
fuse ring pattern, indicating the presence of an amor-
phous structure. The diffraction pattern from the
region x shows both crystalline spots and a diffuse
ring pattern.
Composition analysis of the 60% reduced sam-
ple using EELS shows a local composition variation
of ±8 at.% from the original value throughout the
sample. A small volume fraction (<5%) of equilibrium
precipitates of Ni3Ti and NiTi2 was also observed and
found to be resistant to amorphization. The composi-
tion variation occurs presumably because of either en-
hanced diffusion caused by elastic strain or heating
effects encountered during the cold-rolling process.
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However, we found no correlation between composi-
tion variation and the amorphous phase formation. One
may find amorphous phase in areas where the composi-
tion is the same as the as-received sample. For instance,
the composition taken from the area shown in Fig. l(c)
is found to be Ni-49.4 at. % Ti for both a and x regions.
Using HREM, we further investigated the micro-
structure of the samples reduced by 30% and 60%. Fig-
ure 2 is a typical HREM image of the 30% reduced
sample. The image shows two different areas—one de-
fined with clear lattice fringes, indicating a crystalline
structure, and the other without lattice fringes, indicat-
ing an amorphous structure. Lattice fringes running
along the two different directions are (010) and (001)
planes in the [101] and [110] zone axes, respectively.
This is the same twinning mode observed in the trans-
formation from the parent to the martensite phase.18
Figure 3 is an HREM image taken from a different
place in the 30% reduced sample, showing a transition
area between the crystal and amorphous structure.
From lower left to upper right, the figure illustrates
lattice fringes that gradually fade away. Because the lat-
tice fringe contrast depends on both the sample thick-
ness {t) and the crystalline orientation, expressed by the
deviation parameter from the Bragg angle (s),19 an in-
vestigation of the mechanically induced lattice defects
using lattice fringe images is valid only if no variation
in these parameters exists. Assuming t and s are con-
stant in the observation area, the local dislocation den-
sity in Fig. 3 can be determined by counting lattice
fringe termination. This density is about 1 x 1013/cm2
in the left part of the figure and about 5 x 1013/cm2 in
the upper middle part.
When there is a spatial variation in t by some mul-
tiple of At = fg/2 (where fg is the extinction distance,
typically a few tens of nm in metals20), a corresponding
absence of lattice fringes is expected,19 similar to what
•»*•
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FIG. 2. The lattice fringe image of 30% reduced NiTi.
FIG. 3. The lattice fringe image taken from a different area of the
same sample shown in Fig. 2.
is seen in the area indicated by arrows. Because the
observed periodicity of the fringe absence derived from
the distance between arrows is 1 to 2 nm, a drastic
variation of the thickness would be required to explain
our results. Clearly, this is not the case from the uni-
form image contrast observed in the figure.
Variation in * may also give rise to a periodic ab-
sence of lattice fringes at an interval of As = I/At.19 As-
suming t to be a constant 30 nm (a typical TEM sample
thickness), a As of 1/1200 nm"1 corresponds to a tilt of,
for example, the (001) plane by 3.8 x 10"3 rad. This tilt
yields a difference in the lattice spacing between the
top and bottom surfaces of 0.11 nm, 25% of the
(001) spacing. Such a difference cannot be accommo-
dated by elastic strain and requires a dislocation pro-
duction. Taking the periodicity of the fringe absence
(1 to 2 nm) as a measure of this dislocation distance, an
estimated dislocation density is 2.5 x 1013 to 1 x
1014/cm2, which is in good agreement with the disloca-
tion density estimated by counting the lattice fringe
termination (5 x 1013/cm2).
Figure 4 shows an HREM image corresponding to
the area x in Fig. (lc). The image exhibits many small
crystalline grains with different orientations character-
ized by lattice fringes running along various directions
with various spacings. The grain diameter is >10 nm, a
substantially smaller value than that observed in pure
metals whose grain diameter saturates at several /am
during cold rolling.21 The lattice fringe image is not
clear in the area where two crystals with different ori-
entations meet. This is probably caused by either the
formation of an amorphous phase or by multiple grain
overlapping effects along the projected direction of the
incident electron beam.
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FIG. 4. The lattice fringe image of 60% reduced NiTi, corre-
sponding to the area x in Fig. l(c).
IV. DISCUSSION
Our present results show the formation of an amor-
phous phase in cold-rolled NiTi. An extremely high dis-
location density of 1013 to 1014/cm2 is observed in a
transition region between the crystalline and amor-
phous phases, which corresponds to a nearest disloca-
tion distance of 3 to 1 nm, respectively. If dislocations
exist closer than this distance, the dislocation cores
would begin to overlap, and the crystalline structure
cannot be defined. Hence, a dislocation density of
about 1014/cm2 appears to be the upper limit for crys-
talline stability.
Jensen et a/.,15 using the molecular dynamics cal-
culation, showed that a crystal may exhibit a liquid
structure when dislocation density increases. They cal-
culated the pair distribution function g(r) in an fee
crystal as a function of dislocation density at tempera-
tures of 0 K, 1/4 TM, and 1/2 TM, where TM is melting
temperature. A significant result of their work was that
g(r) looked similar to that of a liquid at dislocation den-
sities greater than 15%, independent of temperature.
Assuming a weighted average surface atomic density of
Ni and Ti (1.8 x 1015/cm2), a dislocation density of 15%
corresponds to 2.7 x 1014 dislocations/cm2, which is
very close to what we have experimentally observed.
Jensen et al. also showed an increase of lattice dilation
with increasing dislocation density, which would soften
the shear modulus based on the Griineisen relation,22
consistent with the results reported in Kr-irradiated
Zr3Al.2
The energy associated with dislocations can be es-
timated by using the expression Gb2, where G is the
shear modulus and b is the Burgers vector. Assuming
that b is the smallest lattice parameter of the NiTi unit
cell (0.289 nm),17 and that G is equal to that of the par-
ent B2 structure (C44 = 35 GPa),23 an estimated elastic
energy is 2.2 kJ/g-atom for a dislocation density of
1014/cm2. When the effect of dislocation interaction is
taken into account, the total elastic energy will be
larger than this value. Buschow24 measured crystalliza-
tion energies for the amorphous Ni-Ti alloys, which are
2.95, 3.43, 3.77, and 3.44 kJ/g-atom for Ni-38, -40,
-65, and -70 at. % Ti, respectively. Because the crystal-
lization energy of Ni-Ti alloys appears to be weakly
dependent on the alloy composition, it would be rea-
sonable to assume that the crystallization energy of
NiTi is in this same range. This rough estimate indi-
cates that the elastic energy caused by a dislocation
density of 1014/cm2 is of the same order as the crystal-
lization energy. Thus, dislocation accumulation appears
to be a major component of the driving force for amor-
phization induced by cold rolling.
In intermetallic compounds, dislocation formation
often introduces chemical disordering. In the case of
irradiation-induced amorphization, chemical disorder-
ing has been suggested to provide a driving force for
amorphization.25 If chemical disordering occurs during
cold rolling of NiTi, the total energy increase would be
higher than the value estimated from dislocation accu-
mulation alone. However, more extensive analysis of
diffraction patterns will be necessary to examine the
possibility of chemical disordering in cold-rolled NiTi.
The present results also show that the crystalline
size becomes smaller with increasing thickness reduc-
tion. The sample reduced by 60% exhibits nanometer-
sized crystals, as well as an amorphous phase. Hellstern
et al.2f> also observed the formation of nanocrystals (5 to
12 nm in diam) in ball-milled NiTi and other B2 com-
pounds; however, an amorphous phase was not ob-
served. They explained that this effect may be caused
by an absence of complete chemical disordering, based
on the fact that the chemical long-range order parame-
ter remained >0.65 after ball milling. It is also possible
to account for the difference between their results and
ours in terms of heating effects caused by deformation
and temperature-dependent dislocation mobility. Sup-
pose that two types of dislocations, one mobile and
the other immobile at room temperature, are formed
by both cold rolling and ball milling. Creation of
nanocrystals may take place by mobile dislocations
forming subgrain boundaries, while amorphization may
occur as a result of the accumulation of immobile dislo-
cations. With increasing temperature, the dislocations
that are immobile at room temperature eventually be-
come mobile and form nanocrystals instead of an amor-
phous phase. Shultz et al.21 reported that sample
temperatures during ball milling can rise to 200 °C. If
this is a sample temperature for Hellstern's experiment,
both types of dislocations may be mobile and the for-
mation of nanocrystals would result. In contrast to the
ball-milling process, typical sample temperatures en-
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countered during cold rolling have been reported to be
lower than 40 °C.28 Thus, during cold rolling, the proba-
bility of dislocation accumulation is higher than ball
milling, and amorphization can result.
V. CONCLUSION
An amorphous phase was partially formed in NiTi
during cold rolling to 60% at room temperature. An ex-
tremely high dislocation density (1013 to 1014/cm2) was
observed in the transition region between the crystal
and amorphous phases. A simple estimate of the elastic
energy caused by this dislocation accumulation was
found to be the same order of magnitude as the crystal-
lization energy. Thus, the accumulation of dislocations
appears to be a major component of the driving force
for amorphization in cold-rolled NiTi.
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